We report here on the use of a prototype matrix-assisted laser desorption/ionization (MALDI)-triple quadrupole mass spectrometer for quantitative analysis of six antiretroviral drugs in lysates of peripheral blood mononuclear cells (PBMC). Of the five investigated MALDI matrixes, 2,5-dihydroxybenzoic acid (DHB) and the novel 7-hydroxy-4-(trifluoromethyl)coumarin (HFMC) showed the broadest application ranges for the antiretroviral drugs. For DHB, the mean relative errors ranged from 8.3 (ritonavir) to 4.3% (saquinavir). The mean precisions (CV) ranged from 17.3 (nevirapine) to 10.8% (saquinavir). The obtained lower limits of quantitation (LLOQ) readily allow clinical applications using just 1 million PBMC from HIV-infected patients under therapy. The new matrix HFMC was used for quantitative analysis of the HIV protease inhibitor indinavir using a stainless steel target plate as well as a target plate with a novel, strongly hydrophobic fluoropolymer coating. Using the coated target plate, the mean relative error improved from 10.1 to 4.6%, the mean precision from 33.9 to 9.9% CV, and the LLOQ from 16 to 1 fmol. In addition, the measurement time for one spot went down from 6 to only 2.5 s.
Matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) are extensively used as ionization techniques for mass spectrometric analysis of biological samples. For qualitative and quantitative analysis of compounds such as pharmaceutical drugs, with molecular masses below 1000 Da, ESI mass spectrometry is usually preferred over MALDI, because analysis of small molecules with MALDI is often hampered by matrix-derived chemical noise in the low m/z range. MALDI, however, does offer important advantages over ESI, namely, the much higher sample throughput and its insensitivity to ion suppression. 1, 2 In addition, samples can be conveniently stored on the target plates for future (re)analysis. 3 Various approaches have been described to overcome the problem of matrix-derived chemical noise, including carefully optimized matrix-to-analyte ratios, 4 the use of specialized additives, 5 the use of ionic liquid matrixes 6 or inorganic matrixes, 7, 8 or the application of high molecular weight matrixes. [9] [10] [11] [12] [13] The interfering noise can also conveniently be circumvented by using tandem mass spectrometry (MS/MS). In the selected reaction monitoring mode (SRM) of a triple quadrupole mass spectrometer, interfering isobaric matrix ions are removed by monitoring only compound-specific precursor/product ion transitions. 2 Quantitative analysis of small molecules using MALDI mass spectrometry is further complicated by poor reproducibilities of ion signals from heterogeneous crystal layers. The precisions can be improved, however, by using optimized cocrystallization techniques for sample and matrix, for example, with prestructured target plates, 14 fast evaporation protocols, 15 and sophisticated sample spotting devices. 16 In addition, well-matched analytes and internal standards as well as a sufficient number of repeat measurements for signal averaging lead to significantly better precision values, resulting in the successful development of several quantitative drug assays using MALDI-TOF, 12, 13, 17, 18 MALDIqTOF, 19, 20 MALDI-FTICR, and MALDI-triple quadrupole 19, [21] [22] [23] [24] [25] [26] [27] mass spectrometry. In this study, we have explored the feasibility of using a prototype MALDI-triple quadrupole mass spectrometer for rapid quantitative analysis of HIV protease inhibitors and a nonnucleoside reverse transcriptase inhibitor in lysates of peripheral blood mononuclear cells (PBMC).
EXPERIMENTAL SECTION
Chemicals. 7-Hydroxy-4-(trifluoromethyl)coumarin (HFMC), 2,5-dihydroxybenzoic acid (DHB), 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid; SA), 3-hydroxypicolinic acid (HPA), and R-cyano-4-hydroxycinnamic acid (HCCA) were obtained from Sigma-Aldrich. The investigated drug compounds were kindly Comparison of signal intensities for HIV-1 protease inhibitors using various MALDI matrixes in combination with stainless steel target plates. Seven protease inhibitors were spiked in a lysate of 1 × 10 6 PBMC and analyzed using various matrixes. The amount of protease inhibitor per spot was 5 pmol. Reported are the mean areas and standard deviations of the SRM traces for a single spot (the areas for saquinavir were divided by 10). . Eye protection and gloves should be worn when handling the fluoropolymer solution; there are no acute and chronic hazards to be expected for this product and no carcinogenic properties are known to be present (Material safety data sheet, Cytonix Corp.).
Mass Spectrometry. An API 3000 MALDI-triple quadrupole mass spectrometer (MDS Analytical Technologies, Concord, ON, Canada) equipped with a prototype 1000-Hz Nd:YAG laser (355 nm) (PowerChip NanoLaser, JDS Uniphase, San José, CA) MALDI source was operated in the positive ion mode. The pressure in the MALDI source was ∼5 mTorr. During laser firing, the target plate was moved horizontally at a constant speed (∼0.06 cm/s) and the SRM traces of the analyte(s) and internal standard(s) were recorded (dwell time, 10 ms each). Analyst software version 1.1 (MDS Analytical Technologies) was used for data acquisition.
Sample Preparation. Peripheral blood mononuclear cells (PBMC) were isolated from a buffy coat (Sanquin, Rotterdam, The Netherlands) using a standard Ficoll density gradient. PBMC pellets were lysed in 100% methanol overnight at 5°C (100 µL of MeOH per 1 × 10 6 PBMC). The lysed PBMC were spun down at 14 000 rpm for 5 min. Supernatants of 1 × 10 6 PBMC were collected in 1.5-mL vials, and 400 µL of water was added to each vial. Subsequently, the supernatants were cleaned using 96-well solid-phase extraction (SPE) plates (Oasis HLB µelution plate, Waters). Methanol and water (200 µL each) were drawn through each well using a vacuum manifold according to the manufacturer's protocol. Subsequently, the samples were loaded onto the SPE plate and washed twice with methanol/water (1:4 v/v). Finally, the samples were eluted from the plate with 100 µL of methanol. Drug standards were added to the eluates and were subsequently dried using a SpeedVac (Savant).
On the day of analysis, the dried samples were reconstituted in 10 µL of matrix solution and replicates of 1 µL were spotted onto 10 × 10 stainless steel target plates (Perseptive Biosystems, Framingham, MA). For hydrophobically coated target plates, the dried samples were reconstituted in 100 µL of matrix solution and replicates of 10 µL were applied.
The following matrixes were used: 4 mg/mL HCCA, 50 mg/ mL DHB, 10 mg/mL HFMC, 50 mg/mL HPA, and 4 mg/mL SA. All matrixes were dissolved in acetonitrile/water/formic acid (500: 500:1; v/v/v). For the HFMC matrix in combination with the hydrophobic target plate, 1 mg/mL HFMC in acetonitrile/formic acid (200:1; v/v) was used.
Scanning Electron Microscope (SEM). SEM photos were obtained on a Hitachi S-3000N SEM (Hitachi Science Systems, Hitachinaka, Japan). Various levels of magnification were used at 2.00-kV electron energy. Spot areas were determined using SimplePCI software (version 4.0.0, Compix Inc. Imaging Systems, Cranberry Township, PA).
Preparation of Target Plate with Hydrophobic Coating. The target plates were spin-coated with a hydrophobic coating using a modified centrifuge with a small hole in the top lid and a custom-fitted Teflon rotor for the MALDI plates. During spinning of the target plate at 1000 rpm, 500 µL of PFC 1601V coating solution was slowly applied through the hole to the center of the target plate. Subsequently, the target plate was spun for 1 min to evenly distribute the coating solution. The coated plate was then heated for 20 min at ∼200°C. The coating material can also be applied onto the target plate by simply using a brush, with a slight compromise in coating homogeneity.
Quantitative Analysis. The following transitions were monitored for SRM: lopinavir, 630. 
Two data sets, A and B, were measured, each containing five replicate spots per analyte. Data set A was used to construct the calibration curve while data set B served as quality control, and vice versa. For each spot, the peak area ratios of analyte to internal standard were measured. Subsequently, the average analyte/ internal standard ratios for the replicate analyses were calculated, and used for the calibration curves and for quality control purposes. Linear 1/x-weighed curves were used for calibration, unless otherwise stated.
RESULTS AND DISCUSSION
In MALDI experiments, the nature of the matrix compound has a crucial influence on the ionization efficiencies and the signal intensities of the analytes of interest. 28 For example, DHB and HCCA are commonly used for analysis of peptides and small proteins, while SA is preferred for larger proteins. When a small molecule is used as matrix, many of the abundant peaks observed in the low-mass range of the MALDI mass spectrum arise from the matrix itself. Upon laser irradiation, matrix molecules undergo a variety of different processes such as ionization and subsequent fragmentation, photodissociation, and ion-molecule reactions, leading to matrix-derived chemical noise in the low-m/z range. These interfering signals seriously hamper the analysis of small molecules with m/z values below 1000. Various approaches have been described to overcome this limitation, for example, by carefully choosing the matrix-to-analyte ratio, 4 the use of additives, 5 ionic liquids, 6 or inorganic matrixes. 7, 8 The use of high molecular weight porphyrin matrixes can also decrease the matrixderived chemical noise in the low-m/z range. 10, 11, 29 We have previously shown that using the high molecular weight porphyrin matrix meso-tetrakis(pentafluorophenyl)porphyrin (F20TPP) results in a significant decrease of the matrix-related peaks in the low-m/z range in MALDI-TOF analyses and that this matrix can be used for quantitative analysis of HIV-1 protease inhibitors in cell lysates. 12, 13 By contrast, in MALDI-FTICR mass spectrometry, the high molecular weight matrix F20TPP undergoes extensive dissociation on the time scale of the FTICR experiment (∼1 s) and intense fragment ions are observed in the low mass range, which leads to interfering chemical noise. Significantly less fragmentation of such ions is observed in MALDI-TOF mass spectrometers (10 -4 s). Thus, for the quantitative analysis of small molecules, a high molecular weight matrix was used for TOF analyses and a low molecular weight matrix for the FTICR experiments, showing that the type of mass analyzer can have a significant influence on the choice of matrix for small-molecule analysis by MALDI. Another efficient way for eliminating the chemical noise is the application of MS/MS, by monitoring only analyte-specific ion transitions. This technique is particularly useful when a triple quadrupole MS is used for MS/MS. In the SRM mode of the QqQ instrument, a nearly 100% duty cycle is obtained, and this makes it extremely efficient for small molecule target analysis. Using this technique, a wide variety of matrixes, such as HCCA and DHB, have been used for small-molecule analysis. Sleno and Volmer compared HCCA, DHB, and SA for analysis of spirolide toxins, quinidine, danofloxacin, ramipril, and nadolol and found that HCCA yielded the strongest signal intensities and the best precision for these drugs. 26, 27 In addition, Gobey et al. showed that HCCA resulted in successful detection of 175 out of the 208 tested compounds. MALDI-QqQ (Figure 1 ). SA and HPA yielded very poor signal intensities in comparison to HCCA, DHB, and HFMC. HCCA exhibited intense signals only for nelfinavir, indinavir, and saquinavir, but relatively weak signals for lopinavir, ritonavir, amprenavir, and tipranavir. DHB and the new matrix HFMC on the other hand generated very strong signals for all seven protease inhibitors tested. Using MALDI-TOF and MALDI-FTICR, we have previously shown that abundant signals for antiretroviral drugs can be obtained by using a cationization approach with alkali halides. 12, 13 Using MS/MS on the MALDI-QqQ instrument, however, we found that the cationized drugs showed poor fragmentation efficiencies and thus low SRM sensitivities compared to the protonated precursor molecules. In general, we found that higher collision energies were needed for fragmentation of the cationized drugs as compared to the protonated forms.
Quantitative Analysis of Antiretroviral Drugs in Cell Lysates using DHB Matrix. We explored DHB as matrix for quantitative analysis of the protonated forms of the HIV protease inhibitors nelfinavir, saquinavir, indinavir, lopinavir, and ritonavir and the non-nucleoside reverse transcriptase inhibitor nevirapine in lysates of PBMC ( Table 1 ). The measurement precisions were relatively high compared to LC-MS/MS methods for antiretroviral drugs in PBMC lysates. 30 Sleno and Volmer showed that using HCCA resulted in significantly better precisions as compared to DHB, because of the more homogeneous crystal layers formed from HCCA solutions. 26, 27 In our experiments, however, the signal intensities for antiretroviral drugs were much better for DHB as matrix as compared to HCCA (vide supra), necessitating DHB as matrix. Unfortunately, no stable isotope standards were commercially available for the analytes investigated here, to compensate for the heterogeneous crystallization. Alternatively, we used chemically similar protease inhibitors as internal standard for analysis of the protease inhibitors of interest (see Experimental Section) and carbamazepine as a chemically related internal standard for the non-nucleoside reverse transcriptase inhibitor nevirapine. Applying stable isotope standards generally results in significantly better precisions, since the chemical properties of internal standard and analyte are virtually identical. This is particularly important for MALDI, as well-matched analyte and internal standard pairs result in homogeneous cocrystallizations, as recently shown by Sleno and Volmer. 25 It was also shown in that study, however, that structural analogues of the analyte could be successfully used, as long as important solution-phase properties were appropriately matched. To compensate for the relatively high fluctuations mentioned above, we measured and averaged five replicates of each sample and used the mean analyte-tointernal standard ratio to calculate the concentration in the sample. The resulting average relative errors ranged between 5.0% for indinavir to 8.3% for ritonavir. The lower limits of quantitation, expressed as amount of drug per spot on the target plate, was 64 fmol for nelfinavir, 4 fmol for indinavir, 16 fmol for saquinavir, 64 fmol for lopinavir, 64 fmol for ritonavir, and 16 fmol for nevirapine. These numbers readily allow the clinical application of the technique.
Coumarin Matrix and Fluoropolymer-Coated Target Plates. We also explored the use of the new matrix compound HFMC (Figure 2 ) for quantitative analysis of indinavir in PBMC lysates. HFMC is a photoluminescent molecule with a molecular mass of 230.02 Da. HFMC exhibits maximum light absorption at 355 nm, which ideally matches the wavelength of the frequency-tripled, solid-state Nd:YAG laser of the MALDI-QqQ system (λ ) 355 nm). Upon excitation, HFMC emits fluorescent light at λ ) 498 nm. In acidic solutions, HFMC is colorless, while it is bright yellow in basic solutions. When the HFMC matrix was spotted on a stainless steel target plate using the dried droplet technique, the quantitative precisions and quantitative accuracies were poor. Inspection of the SRM traces showed differential incorporation of analyte and internal standard in the HFMC crystals. A fast evaporation approach, 15 i.e., spotting from 100% organic solvents, was used to obtain a more homogeneous distribution of analyte and internal standard in the HFMC crystals. However, extensive spreading of the sample was observed when the fast evaporation protocol was applied in combination with stainless steel target plates. It has been previously shown that hydrophobic coatings can significantly improve crystallization behavior on MALDI plates. [31] [32] [33] [34] [35] In this study, we coated the target plate with an inexpensive strongly hydrophobic fluoropolymer (∼US $0.20/plate). The coated target plates allowed spotting of large volumes of sample, even for 100% organic solutions of up to 10 µL (Figure 3) . Furthermore, even these large volumes of sample dried to very small crystal areas on the target plates, due to the remarkable focusing abilities of the coating material (Figure 4) . The reduction factor in the area of the crystal layers was further investigated by spotting droplets of 1-µL DHB solutions in acetonitrile/water mixtures of varying composition on coated as well as uncoated target plates ( Figure  5 ). Using the coated target plates, the area of the dried spots reduced by a factor 18.2 (acetonitrile content of 75%), 23.3 (50% ACN), and 31.5 (25% ACN), which is significantly larger than previously reported coating materials. [31] [32] [33] [34] [35] Figure 6 illustrates that the coated target plates significantly improve the cocrystallization of analyte and internal standard for indinavir when HFMC is used as matrix. In addition, the measurement times for one spot were reduced from 6 to 2.5 s. Another feature of the coating is a significant reduction in background signals from contaminants on the target plate ( Figure 7) . Figure 8 illustrates the improvement in the concentration-response curve for indinavir in PBMC lysates as well as improvement in precision when the fluoropolymer-coated plate was used in combination with the HFMC matrix. Using the fluoropolymer-coated plate, the average precision improved from 34 (sd 17.6) to 9.9% CV (sd 5.7) and the relative error went down from 10.1 (sd 4.8) to 4.6% (sd 3.6). In addition, the lower limit of quantitation improved from 16 to 1 fmol per spot on the target plate using a 1/x 2 -weighed linear curve.
CONCLUSIONS
There is an increasing interest in the use of MALDI mass spectrometry for quantitative analysis of small molecules, due to its very high sample throughput capability, its insensitivity to ion suppression, and the possibility of storing samples on target plates for future use or reanalysis. Using a prototype MALDI-QqQ mass spectrometer, we have shown here that this technique can be used for accurate quantitative analysis of HIV protease inhibitors and a non-nucleoside reverse transcriptase inhibitor in lysates of 1 million peripheral blood mononuclear cells. The limits of quantitation readily allows clinical applications of the technique. In this study, we had to resort to chemical analogues as internal standards, because stable isotope internal standards were not available. Stable isotopes are often very expensive and are frequently not commercially available, and the custom synthesis of these compounds is laborious. While using chemical analogues as internal standards may not at first appear to be the best choice, it is frequently the only practical option for quantitative analysis using LC-MS or MALDI-MS. In our study, we demonstrated that chemically similar compounds as standards and replicate analyses yielded excellent precision and accuracy. We have also shown that the optimum matrix for specific analytes can be highly compound dependent. By using a novel matrix and a fluoropolymer surface coating, we were able to achieve improved cocrystallization of analyte and internal standard, thus further improving precisions and accuracies. 
